Abstract-N-type multicrystalline silicon (mc-Si) is a promising alternative to the dominant p-type mc-Si for solar cells because it combines the cost advantages of mc-Si while benefiting from higher tolerance to transition metal contamination. A detailed understanding of the relative roles of point defect and precipitated transition metals has enabled advanced processing and high minority carrier lifetimes in p-type mc-Si. This contribution extends that fundamental understanding to Fe contamination in n-type mc-Si, helping enable processing of this material into an economical and high-performance photovoltaic device. By directly correlating micro-photoluminescence-based minority carrier lifetime mapping and synchrotron-based micro-X-ray fluorescence mapping of Fe-rich precipitates, we develop a quantitative, physical understanding of the recombination activity of Fe-rich precipitates in n-type mc-Si.
I. INTRODUCTION

I
N THE last five years, commercially available multicrystalline silicon (mc-Si) solar cell efficiency has increased by 2% absolute [1] . A total of two key drivers of this significant improvement have been the development of p-type high-performance mc-Si [2] and the commercialization of the passivated emitter and rear cell architecture [3] . While steady improvements in both of these technologies will contribute to further increases in efficiency, alternative approaches are also being explored. One such direction is high-performance n-type mc-Si because the material promises the cost benefits of mc-Si and the electrical performance of n-type Si [4] . Recently, an n-type mc-Si record solar cell efficiency of 22.3% was reported [5] , exceeding the record p-type mc-Si solar cell efficiency of currently 22.0% [5] .
For the dominant p-type mc-Si material, optimized management of the transition metal concentration and chemical state (point defects versus precipitates) has helped increase minority carrier lifetimes. This process development has been enabled by a combination of electrical and kinetics modeling and direct measurement of metals in both point defect and precipitated forms [6] - [8] .
An open question for n-type mc-Si is the relative effect of transition metals in point defect form and as precipitates located along structural defects. It has been shown that at temperatures >400°C, the redistribution of transition metals during gettering is similar in n-type and p-type mc-Si because the material is electrically intrinsic at those high temperatures, so the kinetics models developed for p-type mc-Si apply directly to n-type mc-Si [9] . Lifetime modeling shows that the relative electrical impact of point defects and precipitates is different in p-type and n-type mc-Si due to differences in Fermi level at device operating temperature [7] . This Fermi level difference implies that a different processing strategy is required to maximize minority carrier lifetime in n-type mc-Si [7] , [10] , [11] . However, direct measurement of the minority carrier lifetime and physical dimensions of individual transition metal-rich precipitates to 2156-3381 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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inform a physically intuitive model of the recombination activity is missing. A technique that allows for direct observation of precipitated metals is synchrotron-based micro-X-ray fluorescence spectroscopy (μ-XRF). μ-XRF is a spatially-resolved, nondestructive, sensitive, and relatively large-area spectroscopy technique that can be used to map elemental distributions in materials. This technique has been used to characterize and develop improved impurity-gettering processes for multiple detrimental metal species in several different PV-Si materials [6] , [9] , [12] .
A technique that is capable of measuring electrical quality with a high enough spatial resolution to observe the effect of individual precipitated impurities is micro-photoluminescence (μ-PL). μ-PL is a spatially-resolved technique that enables electrical characterization of materials with sub-micron spatial resolution and nanosecond to millisecond resolution of minority carrier lifetime. One application of the technique is in studying the effect of structural defects in mc-Si on solar cell performance [13] .
Predictive simulations require physically meaningful parameters including precipitate size in terms of number of atoms per precipitate and lifetime in absolute time units. This work informs a quantitative, physical model of the minority carrier recombination activity of precipitated Fe in n-type mc-Si. The key contribution of this work, which builds on a previous study that emphasizes the importance of stress on precipitate recombination activity [6] , is the unique combination of quantified state-of-the-art, high-resolution, spatially-resolved μ-PL and μ-XRF of the same group of a large number of Fe-rich precipitates in n-type crystalline Si.
II. METHODS
To directly quantify the recombination activity of iron-rich precipitates in n-type crystalline silicon for photovoltaics, a combination of synchrotron-based μ-XRF in a flyscan data collection mode [12] and μ-PL [13] , [14] was used to map the recombination activity of an intentionally iron-contaminated n-type Si sample.
To mimic Fe-rich precipitates at structural defects in n-type mc-Si, a wafer-bonded dislocation network sample was engineered [6] , [15] . Two polished n-type Czochralski wafers were wafer bonded with a 1°offset in their crystal orientations. This offset creates a dislocation network at the bonded interface of the two wafers. That wafer bonded structure was then bevel polished at an angle, bringing a portion of the dislocation network very close to the surface of the sample. For the formation of iron-rich precipitates, the sample underwent two temperature steps: contamination at 1200°C from a pure iron source at the sample surface, and preferential precipitation at the dislocation network formed by the wafer-bonded interface within 2 h at approximately 850°C. After the temperature treatment, we expect an average Fe concentration of ∼10 15 cm −3 in the sample. This level of Fe is found in Si ingots close to the crucible wall and at the top of ingots [9] , [16] , [17] . See Fig. 1 for an illustration of the sample design. This type of sample has proven to be a useful model system for studying transition metals in crystalline Si because metals readily precipitate out in the well-defined plane of the dislocation network [6] . Additionally, because the precipitates are all in the same plane that is very close to the sample surface, the μ-XRF and μ-PL are coplanar and data collected have a high signal-to-noise ratio, increasing the accuracy of and confidence in the correlated quantification.
The μ-XRF was performed at Argonne National Laboratory's Advanced Photon Source beamline 2-ID-D [18] . A 209 nm spot size at full width at half-maximum, a 220 nm step size, an incident photon energy of 10 keV, and an effective dwell time of 50 ms were used. The effective information depth in this experimental setup for outgoing Fe Kα fluorescence was 8.8 μm. All data were quantified using NIST 1832 and 1833 traceable standards. The statistical detection limit is defined as μ + 4.5σ, where μ and σ are the mean and standard deviation, respectively, of a truncated Gaussian fit to the lowest 90% of measured pixel values. See [9] and [12] for more details. Pixels with iron loading below the statistical detection limit were removed from the μ-XRF map. Because the recombination strength is inherently more spatially diffuse than the Fe elemental map, each Fe particle was required to comprise at least four pixels to be analyzed. Individual Fe particles were then identified.
The μ-PL measurement was performed at the Fraunhofer Institute for Solar Energy Systems. The excitation wavelength is 635 nm, the half-width of the Gaussian excitation spot is 1 μm, the mapping has a pixel size of 500 nm, and the integration time per pixel is 100 ms. The sample surfaces were passivated with Al 2 O 3 . Quantitative values of the lifetime were obtained using a self-consistent approach [13] , [14] .
With the aid of a fiducial marking, the same 58 × 67 μm 2 region of the n-type crystalline silicon sample was located and mapped using both μ-XRF and μ-PL. For a direct one-to-one comparison, the higher-resolution μ-XRF was decreased to the resolution of the μ-PL. To enable pixel-by-pixel comparison, this pair of maps was then registered using MATLAB's imregister function using a similarity transformation. Additionally, the bottom 8 μm of each map was excluded from the analysis because that region does not contain any of the dislocation network due to the geometry of the sample. The comparative analysis was thus carried out on the 50 × 67 μm 2 region remaining. To directly quantify Fe regions and their respective recombination activity, around each of the Fe particles a circle was drawn with the diameter equal to the length of the largest dimension of the particle that is visible in the map. A circle was chosen because the lifetime map shows that the recombination active area tends to be circular in shape, even for the long particles observed. This simple, repeatable, objective approach is supported by previous observations and analysis in the literature [7] , [19] . These circles were then used to mask both the Fe and the lifetime maps. Any pixels outside of the bounding circles were excluded from the analysis. The Fe loading in the connected Fe-containing pixels that form each particle was summed as was done in a previous study [20] , defining the total Fe content of each particle. The inverse of the lifetime measured with μ-PL was summed within each circle to define the total recombination activity, or recombination strength, attributable to that given Fe-rich particle.
III. RESULTS
The quantified μ-XRF and μ-PL maps are shown in Fig. 2 . The border where the dislocation network intersects the surface of the sample is near the bottom of the images where the orange and yellow region in the μ-PL meets the blue region. Pixels with high Fe Kα fluorescence loading in the μ-XRF map and with long minority carrier lifetime in the μ-PL map are yellow. We readily observe ∼480 Fe-rich particles. From the μ-XRF alone, it is not possible to definitively know the precipitate shape. Many are small and point-like and may be spherical, as has been assumed in previous studies, for example, in [21] and [22] , or possibly needle-like. There are also some clearly visibly elongated precipitates, which could be needle-like or disc-like in shape, depending on the angle from which we observe them. The μ-PL reveals large variation in minority carrier lifetime across the sample. In the dislocation network region (non-yellow area), there are many dark blue regions, indicating localized regions of short minority carrier lifetime or high recombination activity. The region at the bottom of the maps does not contain any of the Fe-precipitate containing dislocation network. Correspondingly, it is the highest lifetime region. By eye, one can see that many of the high-iron and low-lifetime regions are colocated. The mask of bounding circles described earlier and the masked μ-XRF and inverse lifetime maps are shown in Fig. 2 in the middle, lower left, and lower right maps, respectively. A total of 83 Fe-rich precipitates remain after the filtering and masking process.
Assuming that only the surface of the precipitates (FeSi 2 /Si interface) is recombination active, as in the Schottky junction model of precipitate recombination activity [6] , [7] , [19] , the recombination strength can be considered proportional to the surface area of the precipitate. The surface area of different geometric shapes can be expressed as a function of the number of Fe atoms in the precipitate. For a sphere, the surface area is proportional to the number of Fe atoms to the power of 2/3. For a platelet, the power is 1/2, and for a rod, it is 1. Calculations of these powers are shown in Table I . S is the precipitate surface area, r is the precipitate radius, l is the platelet thickness or rod length, n is the number of Fe atoms in the precipitate, V Fe is the volume of one iron atom in a ß-FeSi 2 precipitate, V is the volume of the precipitate, and R is the recombination strength of each precipitate.
To more clearly define the relationship between lifetime and Fe-rich precipitate properties revealed by the mapping measurements, for each Fe particle, the recombination strength was plotted as a function of the iron content (see Fig. 3 cipitate size and recombination strength with larger precipitates being more recombination active. The data were fit with a power function. The resulting fit has a power of 0.7 with R 2 of 0.68. The power of 0.7 dependence of the recombination strength on the precipitate size is a dependence between that of a sphere, 2/3, and a rod, 1. The quantitative dependence is much closer to that of a sphere than that of a rod. This mixed-shape dependence is correlated with the observation implied by the μ-XRF mapping that most of the Fe-rich particles appear to be spherical and a handful of the particles are clearly needle-like in shape.
To check the robustness of this result relating the electrical influence of the Fe-rich precipitates to the size of the Fe precipitates, the sensitivity of the prefactor, power, and goodness-of-fit to the choice of masking circle size was tested. Increasing the masking circle size can increase the calculated recombination strength per precipitate but not the precipitate size. The diameters of the tested masking circles were 1.25, 1.5, and 2 times the diameter of the original masking circles. The prefactor was 850, 456, and 3608 s −1 , respectively. The power was 0.78, 0.84, and 0.74, respectively. These power values, all between 2/3 and 1, indicate a precipitate shape dependence between that of a sphere and a rod. As the masking circle size increases, both the prefactor and the power vary, but not monotonically, because an incremental increase in masking circle size can add high-recombination active pixels or low-recombination active pixels, depending on the proximity of the particle of interest to neighboring particles and their relative sizes and levels of recombination activity. Finally, R 2 was 0.63, 0.6, and 0.66. Of the masking circle sizes tested, the goodness-of-fit of R 2 = 0.68 is the highest for the original circle size. The results of the sensitivity test indicate that the quantified relationship between recombination strength and Fe-rich precipitate size and shape is robust to the choice of masking circle size.
The plot contained herein is the first to provide, for the same set of precipitates, in n-type Si both quantified lifetime values and metal content in terms of number of metal atoms.
IV. DISCUSSION
These spatially-resolved measurements quantitatively confirm that Fe-rich particles can be strongly recombination active in n-type crystalline silicon, consistent with predictions from lifetime modeling [7] .
As with any results generated on an engineered model structure, we must be clear about how the model structure is different from the commercially-available material we are mimicking. The level of Fe in the intentionally contaminated material analyzed herein is at the high end of the precipitate size distribution at grain boundaries for PV [7] , [9] , [21] . Nonetheless, much simulation and wafer processing insight for both p-type and ntype mc-Si have been extrapolated from direct measurements of the largest precipitates [9] , [17] , [21] , [22] . The μ-PL was measured at an injection level of ∼10 18 cm −3 , which is four orders of magnitude higher than the typical operating injection level in crystalline silicon solar cells. The same type of learning extracted from large precipitate sizes can be applied to models that take into account injection level dependence. Simulations and models can be validated at high injection and then more indirect lifetime measurements on well-characterized samples can connect the model to injection levels more typical of solar cell operation in the field.
Other factors that can affect the recombination activity of individual precipitates include recombination due to a background of other recombination-active centers, presumably including point defects, other impurities that are not detected at 10 keV, and possibly lattice strain due to such a high concentration of Fe introduced [6] . For example, from the μ-XRF maps, we also identify Cu contamination (not shown) colocated with the intentionally introduced Fe at a level of 10% by mass. Cu is probably introduced from the furnace at 1200°C. Cu solubility and diffusivity exceed those of Fe by orders of magnitude. Thus, unintentional Cu precipitation is not easy to exclude in an experiment. However, previous studies show that, for a given total metal concentration, Cu is one of the least harmful transition metals in silicon [23] , [24] . Additionally, our simulations with the model from [7] predict 50% less recombination at a Cu precipitate compared to a Fe precipitate with the same amount of metal atoms. A Cu/Fe relation of 5-10% can be also found in the edge regions of mc-Si ingots [10] , [25] . For edge regions in n-type ingots, it was shown that the Fe precipitates are the dominant defects [10] . Due to these findings and the simulation results, it is reasonable to assume that the intentionally-introduced Fe is the majority contributor to the observed lifetime signature, for the material studied herein.
V. CONCLUSIONS
These measurements clearly demonstrate that Fe-rich particles can be strongly recombination active in n-type crystalline silicon, consistent with predictions from lifetime modeling [6] , [7] , [10] , [11] . These observations are also consistent with the hypothesis that metal contamination, especially in the form of precipitates, may limit the lifetime of n-type mc-Si before and after solar cell processing [7] , [10] , [11] . Thus, high-temperature processing that dissolves Fe-rich particles followed by more rapid cooling, which also has throughput benefits, may be an essential component of maximizing the lifetime of n-type mc-Si for PV [9] , [11] , [26] .
Building on previous work [6] , this study for the first time directly quantifies the recombination activity and the number of Fe atoms in the same metal-rich precipitate in n-type crystalline silicon using state-of-the-art, high-resolution, and spatially-resolved mapping techniques. Additionally, five times more precipitates were analyzed than previously, increasing confidence in the results [6] . The quantitative relationship has a physical basis as the electrical impact was shown to be directly correlated with the physical shape of and quantity of Fe atoms in the precipitates. This valuable data informs predictive simulation tools, which link material, process, and device parameters. Applying predictive simulation to n-type mc-Si can help enable further improvement of this promising alternative to p-type mc-Si for solar cells.
